We have demonstrated a highly efficient cladding-pumped ytterbium-doped fiber laser, generating >2.1 kW of continuous-wave output power at 1.1 μm with 74% slope efficiency with respect to launched pump power. The beam quality factor (M 2 ) was better than 1.2. The maximum output power was only limited by available pump power, showing no evidence of roll-over even at the highest output power. We present data on how the beam quality depends on the fiber parameter, based on our current and past fiber laser developments. We also discuss the ultimate power-capability of our fiber in terms of thermal management, Raman nonlinear scattering, and material damage, and estimate it to 10 kW.
I. INTRODUCTION
We have seen dramatic advances of high-power fiber laser and amplifier technology in the past few years [1] [2] [3] . In particular, the research on ytterbium (Yb 3+ )-doped fibers (YDFs) has been intense because of their outstanding efficiency, power-handling characteristics, and low cost of ownership for various scientific and industrial applications. These include materials processing, defense, remote sensing, range-finding, free-space communication, display (when converted into visible), lithography (when converted into ultraviolet), bio-medical applications, etc. [4, 5] . Unlike neodymium, erbium, and thulium ions which are also often chosen as a dopant for high-power fiber lasers, Yb 3+ has a very simple structure of energy levels without excited-state absorption or cross-relaxation. On top of this, a small quantum defect between the pump (910-980 nm) and signal (1030-1100 nm) wavelengths leads to high efficiency that can exceed 80%, and in turn significantly reduces heat generation. Yb 3+ is superior also in this aspect, which, despite the superb thermal properties of the fiber geometry, becomes increasingly important as the power levels continue to increase. Furthermore, high doping concentration is readily achievable without concentration quenching. This is a key requirement for cladding-pumping, to keep device lengths reasonably short for suppression of undesired nonlinear scattering, e.g. stimulated Raman scattering (SRS), and stimulated Brillouin scattering (SBS). While photo-darkening can raise some short-and long-term reliability issues [6] [7] [8] , this can be controlled through the choice of operating regime and host [7] . Thus, YDFs remain most attractive for multi-kW power applications.
YDFs can be power-scaled in laser (resonator) configurations [1, 2] as well as in amplifier configurations [3] . Laser configurations are attractive due to simplicity and compactness. On the other hand, amplifier configurations allow for more refined control, such as in master-oscillator -power amplifiers for single-frequency signals [9] , controlled pulses [10] , etc. However, they normally require multiple amplification stages to reach multi-kW power levels, thereby resulting in relatively complicated structures. Furthermore isolators and/or wavelength filters are required unless the gain is sufficiently low, and obtaining such components of high-power capability presents an additional difficulty. Thus, for the purpose of power-scaling, we have focused our work on a single-fiber-based laser configuration.
Since the demonstration of the first kilowatt quasisingle-mode (M 2 = 1.4) YDF laser in 2004 [1] , only a limited number of publications have reported on the further development of fiber lasers beyond a kilowatt of output power: 1.53 kW output power from a single Yb-doped photonic crystal fiber laser was reported in 2005 while the output beam was slightly multimode [2] . Apart from such YDF-based single-fiber laser results, IPG Photonics has recently announced that 10 kW of output power in a single-mode beam was achieved from a chain of multiple low-gain YDF amplifiers where the last stage was pumped by fiber lasers (via a tandempumping scheme) [3] . However, its technical details are hardly available in the literature while 1.5 kW systems are now commercially available from the company [3].
Here we report a single-fiber-based ytterbium-doped fiber laser (YDFL) in a simple end-pumped configuration with near diffraction-limited (M 2 = 1.2), multikilowatt output power (>2.1 kW), based on a state of the art, low-index polymer-clad YDF. We emphasize the simplicity of a directly diode-pumped configuration for achieving multi-kilowatt single-mode output power in comparison with other configurations, e.g., multistage amplifiers or tandem-pumping schemes. We discuss the correlation between the beam quality and the fiber parameter, based on our current and past fiber laser developments. In addition, we analyze the ultimate power limits of this fiber, which indicate that this simplest of fiber laser configurations is well suited to power-scaling, and may well be capable of generating >10 kW output power.
II. EXPERIMENTS AND RESULTS
We fabricated a preform in-house by the modified chemical-vapor-deposition (MCVD) and solution-doping technique. In order to obtain efficient mode-mixing of the pump beam, we milled two sides of the preform in parallel, symmetrically with respect to the fiber core. As a result, the preform became "double-D-shaped" with a short-axis length of approximately 90% of the other. We pulled the preform into a fiber: The fiber had an 850 μm diameter in the long axis of the silica inner cladding. The fiber was coated with a low-refractiveindex polymer which provided a nominal inner-cladding numerical aperture (NA) of 0.48. The fiber had a 50-μm diameter Yb 3+ -doped aluminosilicate core, and its nominal NA was below 0.06. The choice of fiber parameters and fabrication is a crucial part of our research since it determines the beam quality as well as the powerhandling. We made sure that there was no central dip in the refractive-index profile (RIP) of the core. This is essential for achieving good beam quality with such a large core dimension. A central refractive-index dip that often results after the MCVD process, without proper care, leads to a donut-shaped fundamental mode [11] . Such a mode is difficult to handle, and in any case results in an output beam that is not diffraction-limited. Still, even without a central dip, with a Gaussian-like fundamental mode, suppression of higher-order modes is challenging. Selective doping in the radial direction [12] and mode-filtering via bending the low-NA gain fiber [1] can help in obtaining good beam quality, by significantly reducing the net gain for higher-order modes. However, selective, and therefore restricted, doping increases the pump absorption length. This increases the impact of nonlinearities such as stimulated Raman scattering (SRS). Furthermore, bend-induced mode filtering can lead to problematic modal distortions [13] . Therefore, we did not use selective doping, and used a large bend radius in order to avoid significant modal distortions. We estimate that the resultant mode-field areas of the fundamental mode (LP01) and the first higher-order mode (LP11) are 411 μm 2 and 823 μm fiber, via a combination of optics, including lenses and dichroic mirrors. Three diode-laser-stack-based sources were used: Two of them, each emitting 1.1 kW at 977 nm, were spatially beam-combined into one beam. We obtained coupling efficiencies of over 85% from the beam-combined end and over 90% from the other. Both ends of the fiber were polished perpendicular to the fiber axis, without any further processing. At one end of the laser cavity, high-reflectivity feedback was provided by a pair of dichroic mirrors having high transmission at the pump wavelength and high reflection at the signal wavelength. We also used a pair of lenses as a telescope in order to achieve a high degree of collimation of the feedback signal beam. The laser output coupler was formed by the 4% reflecting flatpolished facet at the other end of the fiber. The signal was separated from the pump beam using another dichroic mirror having the same characteristics as the feedback mirror. Both ends of the fiber were held in temperature-controlled metallic V-grooves designed to prevent possible thermal damage to the fiber coating by any non-guided pump or signal power, or by the heat generated in the laser itself. The fiber was coiled in a cartridge having a 25-cm diameter. Note that except for the careful alignment of the feedback mirror, there was no other mode control other than that inherent to the fiber.
The laser output power characteristics are shown in Fig. 2 , together with the output spectrum at full pump power, showing a broad emission linewidth as typical for high-power YDFLs without any wavelength selection. The laser generated a single-ended output in excess of 2.1 kW at the full pump power. It is noteworthy that the laser output increased linearly with the launched pump power and showed no evidence of roll-over even at the highest output power. The maximum output power was only limited by available pump power. There was no signature of SRS even at the maximum output power. There were no fiber or coating failures due to the thermal load by the absorbed pump. It showed excellent conversion efficiency: The slope efficiency was 74% with respect to launched pump power. The pump leakage was less than 4% in total. The resultant quantum efficiency was close to 90%. We measured the short-term temporal characteristics via a fast photodetector of 1 GHz bandwidth and an oscilloscope of 400 MHz bandwidth: The standard deviation of the temporal power fluctuation was below 1.6%. We measured the beam quality factor (M 2 ) to better than 1.2, proving that the output beam was very near single-mode and diffraction-limited. This more than doubles the brightness of our previous result [1] . We attribute this to the enhanced RIP of the fiber core with a sufficiently low NA. The output beam profile is presented in Fig. 3 , which shows clean Gaussian intensity patterns for both axes.
Here we further discuss the beam quality characteristics of large-core fiber laser, based on our current and past fiber laser developments [1, 11, [14] [15] [16] : We have found that the beam quality of a fiber laser has a strong correlation with the RIP of the fiber as well as with the V-number. While the V-number itself determines the number of guided modes in the core [20] , the number of "lasing" modes is, in fact, determined by the gain that the individual guided mode sees based on the spatial gain profile. That is, the spatial gain profile together with the RIP plays a crucial role. We plot the beam quality factors of our various fiber lasers developed in house as a function of the V-number in Fig. 4 , assuming that the fiber cores are simply step-indexed. While we can see that relatively good beam quality, e.g. ) vs. V-number: Some data points are labeled according to the reference in which they appeared. References for the non-labeled points can be found in Ref. [1] . than 8, some non-favorable RIP, e.g. an RIP containing a central dip can significantly degrade the beam quality even with quite low a V-number [11] . Since the transverse beam profile of a large-core fiber generally follows the RIP, an unusual shape of RIP, e.g. a central dip or a top-hat with "ears", is deleterious to beam quality. In fact, if the distribution of the doped ions roughly follows the RIP (which is not always true), such RIPs can lead to poor gain-discrimination between the fundamental mode and higher-order modes, so that some higher-order modes can lase together with the fundamental mode. Furthermore, even if only the fundamental mode lases, it results in a non-Gaussianshape output beam that is not diffraction-limited.
We estimate the "effective" V-number of our current fiber to be approximately 4.3, assuming a step-indexed core that has the same effective area for the fundamental mode as that of our fiber. The data point, the beam quality factor of M 2 = 1.2 at V = 4.3 from our current fiber, is in line with our previous observations. While it is hard to obtain a V-number of less than 2.405 from a large-core fiber without incurring large bending loss, our results suggest that a large-core fiber with a V-number of about 4 with a proper RIP can effectively operate very near single-mode.
Since our fiber was pump-limited, it is worthwhile to estimate its further power-scalability, particularly given that our diode-stack-based pumps are significantly less bright than present-technology diodes. For example, currently available 200 W fiber-coupled diode sources with a 200 μm core diameter and 0.22 NA can readily be beam-combined into a higher-power single beam by using lenses or possibly by transmission through a tapered fiber bundle [17] . Although we did require a 850 μm diameter inner cladding in order to obtain good coupling from our diode sources, the fiber can readily accommodate >15 kW of pump power in a dual-end pumping configuration if such state-of-the-art diode pump sources are used, with preserved pump brightness. With this background, we next estimate the further power-scalability of our fiber, with respect to thermal management, Raman nonlinear scattering, and material damage which are the key limiting factors.
Firstly, we consider the thermal characteristics of our fiber at 10 kW of output power: Fiber lasers, in general, have good thermal characteristics in terms of heat dissipation because of their intrinsic large surfaceto-active-volume ratio; however, multi-kW fiber lasers indeed require careful thermal management [18, 19] .
Generally, for fibers, the temperature variation across a fiber section is much smaller than for other geometries thanks to the long and thin fiber geometry. This, combined with basic guided-mode properties, protects against beam distortions due to thermal lensing, which is a major problem for bulk solid-state lasers. Stress fracture, which is another big issue for bulk lasers, is again alleviated by the fiber geometry and the small transverse temperature variations [18] . Most critical for fiber lasers with a low-index polymer outer cladding like that of our fiber, is thermal damage of the outer polymer (maximum durable temperature <200℃). Because of the lower thermal conductivity of the polymer coating, the inner surface of the coating reaches a temperature which is a significant fraction of that of the silica inner cladding and core, even when the outer surface of the fiber is effectively cooled down. Since the silica inner cladding and core themselves have considerably higher temperature limits [18] , the temperature of the inner surface of the polymer coating is, consequently, considered to be critical. The temperature increase across the coating thickness is approximately given by [18] FIG. 5. Estimated temperature profile across the fiber section at 10 kW output power. where Qthermal, tcoating, rsilica, and kcoating represent the thermal power produced by the fiber per unit length, the thickness of the coating, the radius of the silica inner cladding, and the thermal conductivity of the coating, respectively. We assume that the outside of the fiber is kept near room temperature by good heat-sinking arrangements, e.g., water-assisted cooling. For a good margin to the coating damage temperature, in the range between 150 to 200℃, we assume that the maximum temperature difference across the coating, ∆Tcoating is 70 K. Then, we obtain approximately Qthermal ≈ 300 W/m after putting the parameters of our fiber into the equation. Figure 5 shows the resulting temperature profile. Based on 1 dB/m of pump absorption and >80% conversion efficiency with respect to absorbed pump power, the pump power that generates Qthermal ≈ 300 W/m becomes 6.7 kW per fiber end. The total pump power can be doubled with dual-end pumping, showing that the output power can readily reach 10 kW without hitting the thermal limit on output power. Note that the aforementioned, maximum tolerable pump power can readily be coupled into an 850-μm diameter inner cladding with an NA of 0.48 if state-of-the-art pump sources are used [17] . A thinner coating is preferable for further improving the thermal management, as it reduces the temperature difference across the coating. We can reduce the coating thickness down to 40 to 50 μm without deteriorating the fabrication yield and pump NA. Thus, thermally induced coating damage does not appear to be a major concern for a 10 kW fiber laser with appropriate heatsinking. This is true even with end-pumping, with the thermal load concentrated to the fiber ends.
Secondly, we consider stimulated Raman scattering. As the pump absorption rate of our fiber is 1 dB/m at 976 nm, we can set the fiber length at 15 m to 20 m in a dual-end pumping configuration. Then, we estimate that the effective length of the laser becomes between 8.6 m and 11.8 m. Given that the Raman gain coefficient is as large as 1×10 -13 m/W for polarized light [20] , the resultant single-pass Raman gain at 10 kW of output power with random polarization becomes approximately 10 Np to 14 Np. While these values are still lower than the critical gain of 16 Np for the forward SRS [20] , the margin to spurious feedback at the Raman Stokes wavelength is small. In particular, this becomes more serious in case of the 20-m fiber length. Thus, it is better to set the fiber length at 15 m, and then minimize the feedback at the Raman Stokes wavelength. It is also desirable to center the pump wavelength exactly at 976 nm to maximize the pump absorption. Then, we predict that stimulated Raman scattering will be controllable even at 10 kW of output power. Finally, we consider the core damage: Based on 411 μm 2 of the estimated effective mode area of our fiber, 10 kW of output power would lead to the effective core intensity of approximately 24.3 W/μm 2 . In the literature the damage threshold of silica fibers varies in a wide range of ~20 GW/cm 2 to ~600 GW/cm 2 [21] [22] , which indicates that there is huge uncertainty in determining the damage threshold: The damage threshold also depends on whether the signal is a continuous wave (cw) or pulse, and for the pulse it also varies with the pulse width. Also, the damage threshold must be dependent of the condition of the fiber facet, dopant composition, impurity, loss, etc. More recently it has been reported that the damage threshold of ytterbiumdoped silica with a high level of doping concentration (1% by weight) has a damage threshold similar to that of pure silica which was measured to be ~470 GW/cm 2 with 7.5-ns pulses at the illumination wavelength of 1064 nm [22] .
In general, for pulses longer than ~100 ps, it is known that conventional heat deposition causes damage via melting and boiling [23] . Thus, in a cw regime the heat deposition by the pump and signal must be the key factor to determine the core damage. We have estimated that the heat deposition of Qthermal ≈ 300 W/m at 10 kW output power keeps the core temperature below 200℃ which is far below the melting point of silica of over 1900℃ [18] (see Fig. 5 ). Therefore, such a thermal load will not destroy the core of our fiber, as long as it is controlled. However, it is noteworthy that our estimation on the fiber temperature is based on the assumption that the outside of the fiber is kept near room temperature by good heat-sinking arrangements, e.g. water-assisted cooling. If it is only cooled down by natural convection [19, 24] , the core temperature will be much higher and the excessive heat can damage the core, as was observed in Ref. [25] . Therefore, the material damage is also strongly correlated with the heat management, and thus, a good heat-sinking arrangement is also very important for avoiding core material damage. It is not straightforward to conclude whether the power density of 24.3 W/μm 2 would be acceptable or not, only relying on the literature values. However, it is one or two orders of magnitude less than the reported values (measured in pulse regimes [21, 22] ), and our estimation indicates that the core temperature rise by the pump and signal power would not be detrimental as long as the fiber is efficiently cooled down by good heat-sinking arrangements. Thus, in terms of power density our fiber should be able to sustain 10 kW of output power.
As a result, in terms of thermal management, Raman nonlinear scattering, and material damage, we predict that our fiber is capable of reaching 10 kW of output power with state-of-the-art pump diodes. In any case, an experimental demonstration is needed to conclusively address all possible issues at such a power level.
III. CONCLUSION
We have demonstrated a highly efficient, multi-kilowatt double-clad Yb
3+
-doped large-core fiber laser. Pumppower-limited, continuous-wave output power of in excess of 2.1 kW at 1.1 μm was achieved in a single-mode beam (M 2 = 1.2). Our result verifies that the current YDFL technology, including fiber fabrication and diode stack pump sources, are fully capable of producing multikilowatt output power with a diffraction-limited beam out of a large-core single-fiber-based YDF laser. We estimate that with state-of-the-art diode pump sources, more than ten times brighter than the diodes we used, our fiber is power-scalable to 10 kW of output power in terms of thermal management, Raman nonlinear scattering, and material damage.
